Metamorphosis is a short but none the less critical stage in the development of Amphibia during which extensive changes occur, enabling them to transfer from an aquatic to a more or less terrestrial habitat. The anatomical changes associated with the transition have been described by numerous workers, but the underlying chemical and metabolic transformations demanded by such changes are still largely obscure. The present paper deals with one aspect of nitrogen excretion during metamorphosis.
Some years ago the present author observed that metamorphosis in the common frog was characterized by a change in the chemical form in which nitrogen was excreted. The tadpole, up to the time of metamorphosis, excreted about 10 times more of its waste nitrogen as ammonia than as urea, while the frog excreted nitrogen mainly as urea. The changeover was accompanied by a corresponding increase in the concentration of liver arginase (Munro, 1939) .
These changes are interesting because they are in harmony with the concept that the form in which waste nitrogen is excreted is governed by the type of environment, aquatic or terrestrial, within which the animal develops and later functions as an adult. Needham (1931) has collected data on the urinary nitrogen partition of a large number of animal species. They suggest that aquatic animals in general excrete a much higher proportion of their waste nitrogen as ammonia than do terrestrial species. The reason for this may be that ammonia is a highly alkaline substance and is likely to be damaging to the animal's tissues generally, and to the kidney in particular, unless its concentration in the body is kept low by a copious excretion ofurine; which of course is most easily accomplished in a freshwater environment.
There exists among the Amphibia a variety of forms showing different degrees of aquatic and terrestrial adaptation. This is associated with corresponding peculiarities of structure, development and metamorphosis. It thus appeared likely that a survey of the form in which nitrogen was excreted during development and metamorphosis in representative members of the group might provide further and more precise evidence of the relation between this characteristic in an animal and its habitat or manner of development.
MATERIAL AND METHODS
The tadpoles ofRana temporaria and ofBufo bufo bufo in the stock jars were fed on ant pupae, the axolotls (Siredon mexicanum) on worms and chopped liver and the adult Xenopus laevs8 on small pieces of liver. The Rana tadpoles were prematurely metamorphosed by immersion for 2 days in a thyroid solution prepared by shaking 1 part of desiccated thyroid gland (B.P.) with 400 parts of water and removing the undissolved material by centrifugation (Huxley, 1925) . Metamorphosis was stimulated in the axolotls by injecting 1 mg. thyroxine.
Xenopus eggs were obtained by injecting 10 mg. of a crude extract of anterior pituitary-like hormone (A.P.L.) dissolved in 1 ml. of distilled water into the dorsal lymph sacs of a number of adult male and female Xenopu. toads.
The extract was prepared from human pregnancy urine (Langrebe, 1939) . Amplexus occurred some hours later and a batch of about 250 eggs was subsequently obtained. Embryonic development was passed in a dish of water.
Hatching occurred in 2-3 days. A week later the larvae began to feed and they were transferred to a tank ofwater to which had been added an infusion of raffia, mud and weed obtained from a pond supporting a large frog population. More than half of the larvae died during the first week. Only ten survived to the stage of metamorphosis.
Hypophysectomized Xenopu8 laevs8 adults were obtained as a gift from Prof. Langrebe of Cardiff University to whom the author is indebted.
Each type of experiment varied in certain particulars which are referred to in the appropriate sections, but in every instance the method of determining the nitrogen excretion was to place the living material being examined, eggs, larvae or adults, in a known volume of water for a definite time, usually 24 hr., and then to take samples of the fluid for analysis. In order to prevent diffusion of NH, from the water into the atmosphere, the fluid was maintained at pH 6-5 with acetic acid and Na2HPO4.
Before being used in an experiment, the animals were fasted for 3 days, in order to reduce contamination of the I953 circumambient fluid with formed exereta. An example will indicate the method of transferring the animals from the stock jars to the experimental containers. A group of twenty tadpoles was removed from the stock jar by suction into a wide-mouthed pipette with a rubber teat. They were then washed with water in a Buichner funnel, gently shaken to drain off the surplus water, and tipped into a dish containing 30 ml. of the buffered fluid and left for 24 hr. in a large glass box where the air temperature was maintained at 18.50±1l.
The technique adopted to collect the nitrogen excretion from the head and gill region of the axolotl separately from that of the posterior region, was similar to that adopted by Smith (1929) . The axolotl was placed in a metal box of the type shown in Fig. 1 . This is in two parts clamped together to provide two compartments. Between them there is fixed a piece of rubber dam with a hole in it sufficiently large to take the body of the animal without unduly compressing it or allowing fluid to leak from the one compartment to the other. Before making an estimation the box was filled with water and the animal placed in the posterior compartment with its head facing the hole in the rubber. A sudden tilt of the box carried the forepart of the animal through the hole and left it invested by the rubber just behind the forelimbs. The water in the box was then drained off, replaced by a measured quantity of buffered fluid (pH 6-5) and the animal left in position undisturbed for some hours.
The NH, and urea contents of the samples were determined by the methods described by Conway (1947) Bufo bufo bufo. The proportion of ammonia in the larval excretion remained as high as in the embryonic excretion until the development of the hindlegs. A steady fall then occurred while the hindand the fore-limbs were growing. Subsequently there was a considerably more rapid fall in the proportion of ammonia excreted, particularly during the stage of tail absorption so that within 5 days it had been reduced from 65 to 20 % (Table 1) . At the same time the proportion of urea rose correspondingly. The fully grown toad had only 10-15 % of the waste nitrogen in the form of ammonia.
There was little variation in the sum of the ammonia and urea excreted each day until the stage of intestinal and tail absorption and the freeing of the forelimbs, when it was almost doubled. The rate of nitrogen excretion in the adult toad was, on the other hand, only slightly higher than that of the larva. The changes in the nitrogen excretion during metamorphosis are thus very similar to those occurring in Rana temporaria (Munro, 1939 likewise excretes about 80 % of its waste nitrogen as ammonia. Although no change in the proportion of ammonia to urea occurred in the excretion during metamorphosis, the rate at which these two substances were excreted almost doubled during the same period, just as occurred in Bufo and Rana.
The association of a predominantly anmmoniacal excretion and a permanently aquatic habitat in a toad still so well adapted anatomically for land life as Xenopu8, prompted further investigation, particularly as to the possible occurrence of a seasonal variation in the proportion of ammonia to urea excreted, and to the possibility of inducing experimentally the excretion of a greater proportion of urea. It was not found possible to follow the nitrogen excretion over a whole year, but the ammonia and urea excretion of a group of animals was determined at frequent intervals during 6 months, from February to July. The first part of Table 2 shows that the relative proportions of the two substances did not vary in any consistent way and that the excretion remained predominantly ammoniacal throughout the period.
The possibility of desiccation being able to cause a variation was also considered. Three Xenopus toads were exposed to a strong current of dry air for 8 hr. and their body weights thereby reduced 10-20 %. Subsequent determination of their ammonia and urea excretion during the following 3 days failed to show any deviation from the proportions found in untreated animals.
Hypophy8ectomized Xenopus laevis. The ammonia and urea excretion of three toads, hypophysectomized about 6 months previously, was followed over the same period as for the normal animals referred to above. The proportion of ammonia in the excretion showed no tendency to vary in any consistent way, but it was on the average, considerably lower than that of the normal group (Table 2) . From fifteen to Vol. 54 Table 2 shows that the proportion of ammonia in the excretion, determined at intervals over a period of 4 months, did not differ much from that found in the group of normal toads. These data diminish the significance of the results with the 'old' hypophysectomized animals. It is difficult, however, to regard the consistently low values for ammonia in the latter group of toads as being within the limits of normal variability. Neither feeding nor starvation produced any marked variation in the proportion of ammonia to urea excreted by-this group nor indeed by the other groups, although the total amount of ammonia and urea excreted in these states differed greatly. It is possible that long-standing hypophysectomy may have an influence on the quality of the nitrogen excretion and that the effect is not apparent in more recently operated animals.
Urodele8
Triturus vulgaris and Triturus cristatus. The changes in the ammonia and urea excretion during development and metamorphosis in these animals were similar to those occurring in Rana and Bufo (Table 3 ). The rate of nitrogen excretion was found to be considerably higher during early larval development than later when body size was much greater, Axolotl (Siredon mexicanum). Determinations were made of the ammonia and urea excretion of a batch of young axolotls from 1 day after they had hatched until the forelimbs had developed. Another batch of older animals was examined at the same time.
Ammonia formed the greater part of the nitrogen excretion in the earliest stages, but as growth and differentiation proceeded the proportion of waste ammonia fell (Table 4) , and during later larval life ammonia and urea were excreted in about equal proportions. One axolotl, the largest, weighing 79 g. was exceptional. It was much darker in colour than the others and the gills, instead of being large and vascular, were small and atrophied. The general appearance was as if metamorphosis had proceeded some way. Table 4 shows that the proportion of ammonia in the waste nitrogen was considerably lower than that of the other axolotls examined.
The rate of nitrogen excretion of the group was distinctly less the heavier the animal up to a body weight of about 10 g. In heavier animals there was no further appreciable decrease.
Nitrogen excretion through the gill8 of the axolotl. The smaller axolotl had well-developed vascular gills, the larger animal had little more than gill stumps remaining. It can be seen from the table that 35 5 % of the anmmonia and urea excreted by the smaller axolotl in 3'5 hr. was lost from the anterior region. On the other hand, only 10 % of the waste nitrogen was excreted by the larger axolotl from the anterior part of its body during a period of 2 hr., in a similar type of experiment. The gills would thus appear, from these observations, to be able to excrete waste nitrogen.
EFFECT OF ADMINISTERING THYROID HORMONE ON THE NITROGEN EXCRETION
Axolotl. Five axolotls differing in weight from 45 to 70 g. were used for the experiments. Three were injected with 1.0 mg. each of thyroxine and two were used as controls. The ammnonia and urea excretion was determined at regular intervals from the time the hormone was administered until after Fig. 2 . A significant shrinkage in the gills of all the experimental animals could be detected by the tenth day. From about the tenth to the fifteenth day the morphological changes were rapid, and at '953 25 % in the 15 days following the injection of thyroxine, whilst the proportion excreted by the controls showed no consistent change over the same period. About the tenth day after injection the total excretion of ammonia and urea began to increase in the experimental animals and reached Fig. 2 . The changes in axolotls, during thyroxine-induced metamorphosis, in: (A) the proportion of ammonia to urea in the waste nitrogen; (B) the amount of waste nitrogen (ammonia + urea) excreted/unit wt. of axolotl/day; (C) in the body wt. Two control and three experimental animals were used. The latter were injected, each with 1 mg. thyroxine at the time shown by the arrow on the abscissae.
the end of this period the gills were merely stumps and the dorsal fin had been almost completely absorbed. There is a close correspondence between the time of these anatomical changes and of the changes in the character and in the rate of the nitrogen excretion. The proportion of ammonia excreted by the experimental animals fell by about a peak at about the fifteenth day. The body weight, on the other hand, decreased during the same period. Early larval 8tage8 of Rana temporaria. Immersion, in the previously described thyroid solution, of larvae in different stages of development from the tail bud to where the external gills were disappear- ing, had no effect either on their subsequent survival, their rate of nitrogen excretion or the proportion of ammonia to urea excreted. Some acceleration was noted, however, in the speed at which the embryos developed to hatching in the thyroid solutions as compared with the controls.
Later larval stages of R. temporaria. In a typical experiment, thirty tadpoles varying in weight from 100 to 200 mg. were placed for 2 days in the thyroid solution. They were then removed and placed in water without thyroid extract. On the fifth day after the initial inunersion one control and six experimental animals had died. On the twelfth day all ofthe experimental animals, but only three of the control animals, were dead. The visible morphological changes produced by the hormone suggested a precocious metamorphosis differing markedly from the normal process. The tail, for instance, was well absorbed before the foreliYnbs were freed, and the whole process appeared to be out of phase in comparison with normal metamorphosis. Table 6 shows that changes in the nitrogen excretion accompanied these bodily changes. After immersion in the thyroid solution for 5 days, the total nitrogen excreted as ammonia and urea had doubled and there was a significant diminution in the amount present as ammonia. By the tenth day the nitrogen excretion was mainly in the form of urea.
DISCUSSION
The foregoing survey shows that, when the adult amphibian environment is terrestrial, the waste nitrogen is excreted mainly as urea, when it is completely aquatic, the waste nitrogen is excreted predominantly as ammonia. (Chauvin, 1891) hypophysectomized, but it was consistently present during many months of observation. Whatever the cause of the increase the fact of its occurrence is in itself interesting, since it demonstrates that the evolutionary loss is not absolute and that improvement in the capacity for urea production is again possible.
Alexander & Bellerby (1938) state: 'After the breeding season in July or August the ponds (vleis or pans) in which Xenopus live begin to dry up as a result of evaporation and when this process is completed the toads finally aestivate in the mud at the bottom.' This characteristic of Xeropus strengthens the belief that a diversion from ammonia to urea excretion can occur, for it is unlikely that any animal excreting ammonia as the main nitrogenous end-product would be able to survive aestivation. The observations made by Smith (1930) on the lung fish (Protopterus annectens) are interesting in this connexion. Half of the waste nitrogen was excreted by the active animal in the form of ammonia, but during aestivation all of the waste nitrogen was retained in the tissues as urea. The lung fish thus appears to be able to excrete one or the other form of waste nitrogen as the environmental conditions necessitate. Under the influence of a hormonal stimulation, possibly, Xenopu8 taevis may be able to do likewise. SUMMARY 1. The ammonia and urea excretion by different types of Amphibia was followed from the embryonic stage through metamorphosis to the adult fully grown stage. The species examined were Rana temporaria, Bufo bufo bufo, Xenopus laevis, Triturus vulgaris, T. cristatus and the axolotl (Siredon mexicanum).
2. Ammonia was the predominating nitrogenous waste product during the embryonic and larval stages of all the species examined. Urea predominated in the post-metamorphic stages of those species which became terrestrial after metamorphosis,whileammoniapredominatedinthepostmetamorphic excretion of Xenopus laevis, the only completely aquatic species examined.
3. The metamorphosis of the axolotl (Siredon mexicanum), by the administration of thyroxine, resulted in an increase in the amount of urea excreted relative to ammonia. A similar change resulted during the precocious metamorphosis of Rana temporaria by thyroid extract.
4. The question of biochemical reversibility in evolution is discussed in relation to the nitrogenous excretion of Xenopus laevis which has made a return to the aquatic environment.
